Background {#Sec1}
==========

Human-induced pluripotent stem cells (hiPSCs) can be expanded continuously and can differentiate into all lineages of the human body. Due to these characteristics, hiPSCs provide a renewable source of cells for developmental studies, drug screening, and regenerative medicine \[[@CR1]\]. Additionally, undifferentiated hiPSCs can recapitulate the aspects of genetic diseases provided that the affected cellular and molecular pathways are active in the pluripotent cells \[[@CR2]--[@CR4]\]. Since the initial description of human-induced pluripotent stem cells \[[@CR5], [@CR6]\], there has been a growing interest in identification of essential components of their culture. Studying these key components and the respective signaling pathways improves our understanding of pluripotency and also demonstrates the potentials and limitations of hiPSCs in modeling of diseases associated with cell signaling.

Transforming growth factor beta 1 (TGFB1) and fibroblast growth factor 2 (FGF2) are two of the components that have been identified that seem to be essential in the maintenance of human pluripotent stem cells. Another essential component is insulin, a peptide hormone that regulates an intricate network of signaling pathways and cellular responses \[[@CR7]\] and has been identified as one of the key ingredients in culture of human pluripotent stem cells \[[@CR8]--[@CR10]\]. However, the role of insulin in the culture of hiPSCs is not fully understood. In this study, we report conditions for insulin starvation of hiPSCs for up to 3 days and use this setting to explore the effect of insulin on several cellular and molecular functions that have been associated with insulin signaling as well as explore the effect of insulin on global mRNA transcription in hiPSCs.

Methods {#Sec2}
=======

Culture of hiPSCs {#Sec3}
-----------------

hiPSC lines were derived from PBMCs using integration-free Sendai virus to deliver the Yamanaka factors as reported earlier \[[@CR11]\]. These cell lines were initially expanded on matrigel in the presence of mTeSR1 (StemCell Technologies) and passaged using 0.5 mM EDTA. All cells were then thawed and adapted to TeSR-E8 for at least 2 weeks prior to the experiments. The medium was changed daily starting within the initial 3 days of culture. To prepare an insulin-free hPSC medium, mTeSR-E5-defined medium (StemCell Technologies) was supplemented with FGF2 (bFGF, PeproTec, final concentration of 100 μg/l) and TGFB1 (PeproTec, final concentration of 2 μg/l). Cells were washed 4 times with DMEM-F12 (Life Technologies) prior to insulin starvation experiments. When insulin treated groups were needed for the experiments, the medium was further supplemented with insulin (insulin, human recombinant, zinc solution; Life Technologies) to the final concentration of 19.4 mg/l. During maintenance in TeSR-E8 and experiments, the cultures were fed double medium from day 4 of culture onwards, unless the cells were used for overnight experiments on day 4.

Of the four hiPSC lines initially used in the preliminary experiments (Additional file [4](#MOESM4){ref-type="media"}: Table S1), one line showed sporadic patches of differentiating colonies (data not shown). While the vast majority of the cells maintained their pluripotent morphology in the line, we excluded this line from our experiments to prevent the chance that traces of differentiated cells interfere with our data analysis.

Immunofluorescence staining {#Sec4}
---------------------------

Primary and secondary antibodies used for pluripotency were obtained from a Pluripotent Stem Cell 4-Marker Immunocytochemistry Kit (Life Technologies). DAPI was used for counter staining of the nuclei. Secondary antibody stainings were used as controls (data not shown).

Crystal violet staining {#Sec5}
-----------------------

Crystal violet staining was used for visualization of the cells in quantification of cell adhesion and cell expansion. Samples were fixed with 4% PFA in PBS for 5 min and were stained with 0.05% crystal violet solution for 30 min; plates were rinsed up to 4 times with water, dried, and were used for imaging. The staining in the wells was quantified using microscopic imaging of the wells for seeding experiments, or direct images of the wells for expansion experiments. The percentage of surface area covered by cells (stained regions) was measured using photoshop and was compared between groups.

Cell cycle assay {#Sec6}
----------------

Cells were harvested with accutase (Millipore) or Stempro Accutase (Life Technologies), fixed with 70% ethanol and stained through incubation of cells in PBS-0.1% Triton-X solution supplemented with 0.2 mg/ml RNase A and 0.02 mg/ml propidium iodide (PI) at room temperature for 30 min. Prepared samples were analyzed through flow cytometry. FlowJo software (Treestar, Inc) was used for modeling and analysis of the cell cycle.

Apoptosis assay {#Sec7}
---------------

Cells were harvested with accutase. Supernatant and rinse solutions were collected separately and were pooled with the harvested cells prior to staining. Samples were stained using dead cell apoptosis kit with Annexin V FITC and PI (Life Technologies) and analyzed through flow cytometry.

Protein arrays {#Sec8}
--------------

Human Phospho-RTK Antibody Array, Human Phospho-MAPK Antibody Array, Human Phospho-Kinase Antibody Array, and Human Apoptosis Antibody Array Kits were obtained from R&D system and used according to the provided instructions. Briefly, lysates were harvested after treatment of cells in the described experimental conditions. The cells were rinsed once with PBS (with Ca/Mg) and lysed with inhibitors supplemented with lysis buffer. Concentration of protein lysates were subsequently determined by BCA assay. The membranes were incubated overnight with protein lysate at 4 °C on a rocking platform before incubation with a secondary antibody or directly with a detection reagent based on the array manual provided with the kit.

Li-Cor Odyssey imager and Image Studio software (Li-Cor Biosciences) were used for imaging and quantification of protein array results. Image Studio software was used to quantify the signal of the array dots. The data were normalized in each dataset through division of signal value obtained from groups treated without insulin to their respective insulin-treated groups.

RNA extraction and RNA sequencing {#Sec9}
---------------------------------

RNA extraction and RNA sequencing were performed as described earlier (Carcamo-Orive et al., 2017). Sequencing reads were first quality checked by FastQC (v 0.11.8). Reads above Q30 were further mapped and reads per gene were counted by STAR (v2.7). Read count normalization and differential analyses were performed using Deseq2 R package (v1.22.2) with custom codes. Pathway enrichments were performed using Gene Set Enrichment Analysis (GSEA) with MSigDB 6.2 database. For 24 h, all significantly (*p*\_adj \< 0.05) differential genes were included for the enrichment analysis, while for 72 h, the significantly (*p*\_adj \< 5E10--4) differential genes were included to obtain a similar number of significant genes as compared to those under 24 h for the enrichment analysis.

Results {#Sec10}
=======

The effect of insulin on seeding of hiPSCs {#Sec11}
------------------------------------------

To investigate the effect of insulin on seeding of hiPSC aggregates, colonies were harvested by EDTA and were seeded with or without insulin. The attachment of the hiPSC aggregates was evaluated microscopically after crystal violet staining of plates 1 day after seeding. The presence of insulin significantly improved the seeding of hiPSC aggregates (Fig. [1](#Fig1){ref-type="fig"}a, b).Fig. 1The effect of insulin on seeding of hiPSCs. hiPSCs were harvested with EDTA as cell aggregates and were imaged 1 day after seeding. **a** Whole-well images and microscopic images from the center of each well after crystal violet staining. **b** Quantification of the percentage surface area covered by hiPSC fragments for the microscopic images from **a**. Data represented as mean ± SD. Two-tailed Student's *t* test was used for comparison of groups, each cell line in triplicates. hiPSC.3 colonies were harvested with accutase as single cells/small cell fragments and were passed through a 40-μm filter. **c** Whole-well images and microscopic images of the center of each well after crystal violet staining. **d** Quantification of percentage of surface area covered by hiPSCs for the microscopic images from **c**. Data represented as mean ± SD. One-way ANOVA test was used between first three groups; no adherent cells were detected in the last group. \*\*\**p* \< 0.001. \*\*\*\**p* \< 0001. ✢Significant difference between groups in LSD test. Experiment in triplicates. Scale bar: 2 mm. RI: rock inhibitor

To determine the effect of insulin on seeding of dissociated hiPSCs, the colonies were digested with Accutase and passed through the 40-μM cell strainer and were used for crystal violet staining. The presence of Y-27632, which is an inhibitor of rho-associated kinase (ROCK), prevents apoptosis in dissociated hiPSCs \[[@CR12]\]. Our results demonstrate that the presence of both Y-27632 and insulin are essential for attachment of dissociated hiPSCs (Fig. [1](#Fig1){ref-type="fig"}c, d). Inclusion of either component allowed very limited attachment of cells while no attached cells were observed when both reagents were absent.

The effect of insulin on pluripotent morphology, expression of pluripotency markers, and expansion of hiPSC colonies {#Sec12}
--------------------------------------------------------------------------------------------------------------------

To compare the effect of insulin on pluripotent morphology and expression of pluripotency markers, 3 lines of hiPSCs (Additional file [4](#MOESM4){ref-type="media"}: Table S1) were maintained in culture for 3--4 days and were subsequently cultured with or without insulin for 3 additional days. These cells maintained pluripotent morphology (Fig. [2](#Fig2){ref-type="fig"}a) and expression of key pluripotency markers SOX2, POU5F1, and TRA-1-60 after 3 days of insulin starvation (Fig. [2](#Fig2){ref-type="fig"}b).Fig. 2The effect of insulin on pluripotency phenotype and expansion of hiPSC colonies. hiPSC colonies maintain both their pluripotent. Morphology by phase contrast (**a**) and expression of key pluripotency markers, SOX2, OCT4 (also known as POU5F1), and TRA-1-60 (**b**) after 3 days of insulin starvation. Scale bar, 100 μM. Whole-well images (each cell line in triplicates) were taken after crystal violet staining (**c**) and quantification of surface area covered by hiPSC (**d**). The number of cells (each cell line in triplicates) in each culture condition was determined through cell count (**e**). Data represented as mean ± SD. Two-tailed Student's *t* test was used for comparison of groups

The surface area of the tissue culture plate covered by hiPSC colonies in the presence of insulin was significantly larger than the surface area covered in the absence of insulin (Fig. [2](#Fig2){ref-type="fig"}c, d). These observations were in line with number of cells in each condition, determined by manual cell count (Fig. [2](#Fig2){ref-type="fig"}e) and indicate that the presence of insulin significantly improves the proliferation of hiPSCs.

Insulin changes the cell cycle profile and inhibits apoptosis in hiPSCs {#Sec13}
-----------------------------------------------------------------------

To investigate the effect of insulin on cell cycle, the cells were cultured with or without insulin for 3 days and then used for flow cytometry-based cell cycle assay using propidium iodide (PI) staining. There was a significant decrease in the percentage of the cells at the G1 phase is the absence of insulin (Fig. [3](#Fig3){ref-type="fig"}a, b).Fig. 3The effect of insulin on cell cycle and apoptosis of hiPSCs. To investigate the effect of insulin on cell cycle of hiPSCs, the cells were cultured with or without insulin for 3 days and used for cell cycle assay. **a** A representative histogram of change in the cell cycle profile (upper panel) and the model (lower panel). **b** Quantification of percentage of cells at the G1 stage (each cell line in triplicates). To investigate the effect of insulin on apoptosis of hiPSCs, the cells were cultured with or without insulin overnight and used for flow cytometry-based apoptosis assay (hiPSC.1 in quintuplicate, hiPSC.2 in triplicates, hiPSC.3 in quadruplicate) or protein array for apoptosis. **c** Representative graphs of change in cell apoptosis profile. **d** Quantification of percentage of cells in late apoptosis stage (high PI and high Annexin V). **e** Protein array apoptosis array, targets and their quantification (**f**). Data in **b** and **d** are represented as mean ± SD. Two-tailed Student's *t* test was used for comparison of groups. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001

After hiPSCs were cultured overnight (16--18 h) with and without insulin, there was a significant increase in detected apoptotic cells in the absence of insulin in a flow cytometry-based apoptosis assay (Fig. [3](#Fig3){ref-type="fig"}c, d).

Protein array analysis of apoptotic proteins after 16 h of insulin starvation demonstrates more than a 3-fold increase in levels of cleaved caspase-3 while levels of pro-caspase-3 remain at similar levels (Fig. [3](#Fig3){ref-type="fig"}e, f). This robust increase in levels of cleaved caspase-3 is accompanied by reduction in XIAP, TNFRSF10B proteins, and serine 392 phosphorylated TP53.

Verification of insulin-mediated protein phosphorylation in hiPSCs {#Sec14}
------------------------------------------------------------------

We used protein arrays to monitor phosphorylation of a set of tyrosine kinase receptors and phosphokinases (Fig. [4](#Fig4){ref-type="fig"}). We confirmed that the insulin receptor (INSR) and insulin-like growth factor 1 receptor (IGF1R) are highly phosphorylated in the presence of insulin. Furthermore, our results indicate that phosphorylation of AKT and WNK1 and GSK3 are regulated by insulin stimulation in hiPSCs.Fig. 4The effect of insulin on phosphorylation of RTKs, HPKs, and MAPKs. To investigate the effect of insulin on phosphorylation of target proteins in hiPSCs, the cells were cultured with or without insulin overnight followed by 15-min stimulation with insulin prior to harvesting the lysates for protein arrays. **a** Receptor tyrosine kinase (RTK) array. **b** Identified targets from RTK array and their respective quantification. **c** Human phosphokinase (HPK) array. **d** Identified targets from HPK array and their quantification. **e** Human phospho MAP kinase(MAPK) array. **f** Identified targets from MAPK array and their quantification

Insulin regulates transcriptome of pluripotent stem cells {#Sec15}
---------------------------------------------------------

To gain an understanding of the transcriptional changes induced by insulin in hiPSCs, we looked at the effect of insulin on gene expression at 24 h and 72 h.

An average of 62.7 million reads were obtained for each sample, and the average genome mapping rate was 90% (Additional file [1](#MOESM1){ref-type="media"}: Figure S1 and Additional file [2](#MOESM2){ref-type="media"}: Figure S2). The number of identified genes is shown in Additional file [4](#MOESM4){ref-type="media"}: Table S2.

The prominent effect of insulin on global mRNA transcription of the cells is demonstrated by the t-SNE plot (Fig. [5](#Fig5){ref-type="fig"}a) and ternary plot (Fig. [5](#Fig5){ref-type="fig"}b). The t-SNE plot clearly indicates that the presence of insulin has a stronger global effect on transcription than internal variations across the cells at 72 h. This is manifested by closer clustering of samples based on insulin treatment rather than the individual lines at 72 h time point. A ternary plot shows that among the three major variables (time, cell line, or treatment), insulin treatment explains most of the variances at a majority of the mapped genes.Fig. 5The effect of insulin on mRNA transcriptome of hiPSCs. **a** T-distributed Stochastic Neighbor Embedding (t-SNE) plot for all the samples with or without insulin. **b** Ternary plot showing density distribution of the percentage of variances explained by the three major variables, namely treatment (+/− insulin), time (24 h or 72 h), and cell line (hiPSC.1, hiPSC.2, hiPSC.3). For both t-SNE and variance decomposition analysis, all 21,575 mapped genes were used. **c** The relationship between the log2 fold change and *p* values in normalized read counts per gene is shown in volcano plots. Genes with a *q* value \< 0.05 are shown in red which are 1161 genes in 24 h and 6753 genes in 72 h time points. **d** Heatmaps of differentially expressed genes at each time point. Both rows and columns are clustered by unsupervised clustering based on their Manhattan distance

We identified 1161 differentially expressed genes at 24 h of hiPSC culture with and without insulin and 6753 differentially expressed genes at 72 h, with *q* value \< 0.05. The 20 top differentially expressed genes at 24 h and 72 h time points are listed in Additional file [4](#MOESM4){ref-type="media"}: Tables S3 and S4. The relationship between log2 fold change and *p* values is shown as volcano plots for each time point with differentially expressed genes shown in red (Fig. [5](#Fig5){ref-type="fig"}c). The heatmaps of differentially expressed genes at 24 h and 72 h are shown in Fig. [5](#Fig5){ref-type="fig"}d.

We compared the effect of insulin on gene expression at 24 h and 72 h. There is a strong correlation between gene expression at 24 h and 72 h suggesting that the effect of insulin on transcriptome is generally consistent between 24 h and 72 with more prominent effect at 72 h (Fig. [6](#Fig6){ref-type="fig"}a). This consistency is also demonstrated by overlap of genes differentially expressed at 24 h with 72 h (Fig. [6](#Fig6){ref-type="fig"}b).Fig. 6Comparison of gene expression at 24 and 72 h of hiPSC culture with or without insulin. **a** Scatter plot showing the correlation between the log2 fold change (+ insulin/− insulin) at 24 h versus 72 h, with a *p* value \< 2.2e−16. All genes were included for this comparison. **b** The number of overlapping and unique genes that were differentially expressed between the two time points by Venn diagram

To better understand the affected biological processes using identified differentially expressed genes, we performed Gene Ontology (GO) term enrichment for biological processes at each time point.

The top 25 terms that were associated with differentially expressed transcripts at 24 h are shown in Table [1](#Tab1){ref-type="table"}. The top 25 biological Gene Ontology (GO) processes terms that were associated with significantly differentially expressed transcripts at 72 h are shown in Additional file [4](#MOESM4){ref-type="media"}: Table S5. From the list of top 20 GO processes at 24 h, we selected the high-ranked terms associated with our results and heatmaps of differentially expressed genes within each term were generated (Additional file [3](#MOESM3){ref-type="media"}: Figure S3).Table 1The top 25 significant GO (biological process) terms associated differentially expressed transcripts at 24 h of hiPSC culture with or without insulinGO term\# Genes in gene set (K)\# Genes in overlap (k)k/K*p* valueFDR *q* value1GO_REGULATION_OF_INTRACELLULAR_SIGNAL_TRANSDUCTION16561480.08947.93E−483.52E−442GO_TISSUE_DEVELOPMENT15181300.08566.17E−401.37E−363GO_CELL_DEVELOPMENT14261250.08772.05E−393.03E−364GO_REGULATION_OF_PHOSPHORUS_METABOLIC_PROCESS16181330.08225.80E−396.43E−365GO_POSITIVE_REGULATION_OF_RESPONSE_TO_STIMULUS19291390.07211.52E−341.35E−316GO_RESPONSE_TO_EXTERNAL_STIMULUS18211340.07363.23E−342.39E−317GO_REGULATION_OF_CELL_PROLIFERATION14961200.08024.09E−342.59E−318GO_POSITIVE_REGULATION_OF_MULTICELLULAR_ORGANISMAL_PROCESS13951150.08248.90E−344.93E−319GO_NEUROGENESIS14021150.0821.41E−336.93E−3110GO_INTRACELLULAR_SIGNAL_TRANSDUCTION15721220.07762.60E−331.15E−3011GO_POSITIVE_REGULATION_OF_CELL_COMMUNICATION15321200.07833.85E−331.55E−3012GO_REGULATION_OF_CELL_DEATH14721170.07956.77E−332.50E−3013GO_REGULATION_OF_MULTICELLULAR_ORGANISMAL_DEVELOPMENT16721250.07481.46E−324.98E−3014GO_RESPONSE_TO_ENDOGENOUS_STIMULUS14501150.07933.00E−329.51E−3015GO_CIRCULATORY_SYSTEM_DEVELOPMENT788830.10537.93E−322.35E−2916GO_PHOSPHATE_CONTAINING_COMPOUND_METABOLIC_PROCESS19771350.06833.57E−319.89E−2917GO_REGULATION_OF_PROTEIN_MODIFICATION_PROCESS17101240.07254.79E−311.25E−2818GO_REGULATION_OF_TRANSPORT18041270.07041.44E−303.55E−2819GO_MOVEMENT_OF_CELL_OR_SUBCELLULAR_COMPONENT12751040.08163.45E−308.05E−2820GO_POSITIVE_REGULATION_OF_GENE_EXPRESSION17331230.0716.25E−301.39E−2721GO_CELLULAR_RESPONSE_TO_ORGANIC_SUBSTANCE18481270.06871.41E−292.98E−2722GO_POSITIVE_REGULATION_OF_MOLECULAR_FUNCTION17911240.06923.56E−297.18E−2723GO_ENZYME_LINKED_RECEPTOR_PROTEIN_SIGNALING_PATHWAY689730.1062.96E−285.70E−2624GO_RESPONSE_TO_OXYGEN_CONTAINING_COMPOUND13811050.0765.68E−281.05E−2525GO_REGULATION_OF_CELLULAR_COMPONENT_MOVEMENT771760.09862.37E−274.20E−25

We compared differentially expressed genes at 24 h and 72 h with KEGG pathway database to investigate the effect of insulin on expression of known genes involved in pathways regulating the pluripotency (Additional file [4](#MOESM4){ref-type="media"}: Table S6) and insulin signaling pathway (Additional file [4](#MOESM4){ref-type="media"}: Table S7).

Conclusion {#Sec16}
==========

We investigated the effect of insulin on seeding of hiPSC aggregates or dissociated hiPSCs. Our results with dissociated hiPSCs demonstrate that insulin exerts its effect on their seeding independent of Y-27632. This observation is in line with an earlier report indicating that insulin is essential for survival of dissociated human pluripotent stem cells \[[@CR8]\]. We expand on this by also demonstrating the significant effect of insulin on seeding of hiPSC aggregates without use of either chemical inhibitors blebbistatin or Y-27632.

Our data indicate that insulin significantly improves the expansion of hiPSC colonies and cellular proliferation. These results are broadly in line with earlier reports \[[@CR8]\], although we observe less drastic effect after insulin starvation in our experiments on the expansion of the cells, possibly because Chen et al. used dissociated cells rather than hiPSC aggregates in their experiments. In our work, we also investigated the effect of insulin in expansion of hiPSC colonies without using of blebbistatin or Y-27632 and separated the seeding experiments from expansion experiments.

Specific inhibition of IGF1R with shRNA in human embryonic stem cells (hESCs) has been reported to lead to their competitive disadvantage in proliferation \[[@CR10]\], demonstrating the importance of IGF1R in expansion of human pluripotent stem cells. In addition, hiPSCs derived from insulin-resistant patients with mutations in their insulin receptor have demonstrated lower proliferation compared to their normal counterparts in the presence of insulin \[[@CR2]\], suggesting that insulin signaling plays a regulatory role in proliferation of hiPSCs. Phosphorylation of IGF1R and INSR in the presence of conditioned medium containing high levels of insulin \[[@CR10]\] or after insulin stimulation \[[@CR2]\] has also been reported. Consistent with these studies, we observed robust phosphorylation of both the INSR as well as IGF1R. In addition, our data appear to demonstrate a more robust phosphorylation of these receptors, potentially due to different starvation conditions or higher concentrations of insulin used.

Cell division and cell death are two main contributory factors to cellular proliferation. We observed a significant increase in apoptosis by hiPSCs in the absence of insulin. This observation was consistent with the detection of higher levels of cleaved caspase-3. Caspase-3 plays a key role in execution stage of apoptosis. Interestingly, cleavage of pro-caspase-3 has been reported after inhibition of AKT phosphorylation in hiPSCs \[[@CR13]\]. In addition, we detected lower levels of TNFRSF10B after insulin starvation. TNFRSF10B has been reported to play a dual role in cell survival \[[@CR14]\].

After insulin starvation, we detected lower levels of serine 392 phosphorylated TP53 and higher level of XIAP in an apparent contrast to the usual role attributed to them. Serine 392 phosphorylated TP53 has been reported to contribute to genotoxic stress and apoptosis \[[@CR15]\]. XIAP has also been identified as an anti-apoptotic molecule; nevertheless, upregulation of XIAP in response to environmental stress stimuli to induce apoptosis resistance has been reported in a cellular model \[[@CR16]\]. These observations can be potentially attributed to the coping mechanism in surviving cells in response to the activated apoptotic pathways.

Phosphorylation of AKT is a critical node in insulin signaling \[[@CR7]\]. AKTs play a central role in pluripotency and it has been demonstrated that overexpression of AKT improves the maintenance of pluripotent morphology in a primate pluripotent stem cell model \[[@CR17]\]. Our data confirms that AKTs including AKT1 and AKT2 are main targets of insulin signaling in hiPSCs, consistent with earlier reports \[[@CR18]\]. We also demonstrate that phosphorylation of GSK3B is a target of insulin stimulation in hiPSCs. Inhibition of phosphorylation of both AKT and GSK3B has been demonstrated to increase apoptosis in hiPSCs \[[@CR13], [@CR19]\].

Despite phosphorylation of AKT and GSK3B in the presence of insulin, we still detected a basal level of phosphorylation of these target proteins in the absence of insulin. This observation is in line with earlier reports of contribution of other growth factors including endogenously secreted ELABELA \[[@CR18]\] and high concentrations of FGF \[[@CR20]\] in the medium which contribute independently to activation of AKT signaling pathway in hiPSCs.

With regard to cell cycle profile of hiPSC populations after 3 days of insulin starvation, we observed a significant reduction in percentage of cells in the G1 phase. This change in cell cycle profile is similar to reports regarding inhibition of phosphorylation of either GSK3B (which we here demonstrate to be a target of insulin signaling in hiPSCs) or receptor tyrosine kinase ERBB2 in human pluripotent stem cells. In both studies, inhibition of phosphorylation led to decrease in G1 phase accompanying an increase in apoptosis or decrease in proliferation in these cells \[[@CR10], [@CR13]\]. This reduction in percentage of cells in the G1 phase alongside a decrease in the proliferation of the cells suggests a cell cycle delay or arrest at G2/M transition. Our data also demonstrates that WNK1 is strongly phosphorylated upon insulin stimulation in hiPSCs. WNK1 has been identified as a downstream target of phosphorylation by AKT/PKB after insulin and IGF-1 stimulation in other cell lines \[[@CR21], [@CR22]\]. The cellular significance of this phosphorylation in the context of hiPSC biology would be an interesting avenue for follow-up studies.

To our knowledge, we are the first group to demonstrate the robust regulatory effect of insulin on mRNA transcriptome of hiPSCs. Insulin regulates expression of wide array of genomic targets \[[@CR23]\]. Using our starvation protocol, we explored the effect of insulin on gene expression in pluripotent stem cells after 24 h and 72 h. Our data also indicate that the effect of insulin on the transcriptome at 24 h and 72 h seem to be generally in the same direction while becoming more robust overtime.

At the 24 h time point and as expected, the top 25 identified terms include terms consistent with the role of insulin in cell signaling and transduction. Furthermore, regulation of both cell proliferation and cell death are also among the top 25 identified terms supporting the role of insulin in cell signaling and cellular proliferation of hiPSCs. All these terms remain among the top 100 terms at 72 h.

We compared the differentially expressed genes at 24 h with identified genes in insulin signaling pathway (KEGG pathway). Among the 9 identified genes, 8 are also differentially expressed at 72 h. Among these 8, there are classic components of insulin signaling pathway including INSR, IRS1, IRS2, and CRK. These are expressed at lower levels in the presence of insulin, while signaling suppressor SOCS2 is expressed at higher levels in the presence of insulin. This observation is in line with a negative regulation feedback of components insulin signaling pathway in response to activated insulin signaling or increased sensitivity of hiPSCs cultured without insulin.

We also compared the differentially expressed genes at 24 h with identified genes involved in regulating pluripotency (KEGG pathway). All of the 7 identified differentially expressed genes are also differentially expressed at 72 h. From these genes, FZD2 and DVL3 belong to Wnt signaling pathway and APC2 is a regulator of the Wnt pathway. Expressions of FZD2 and DVL3 are lower while expression of APC2 is higher in the presence of insulin. These observations suggest that insulin might exert a regulatory effect on Wnt signaling pathway in hiPSCs. The role of Wnt signaling in human pluripotent cells remains controversial \[[@CR24]\]. An interesting identified gene is LIF, with a higher expression in the presence of insulin. LIF plays a critical role in maintenance of naïve pluripotent stem cells which represent an earlier developmental stage of pluripotency than hiPSCs (primed stage) \[[@CR25]\]. LIF has been shown to increase the proliferation in other human cells \[[@CR26], [@CR27]\] and is a potential inducer of proliferation in the presence of insulin. Another interesting target is BMP4. Expression of BMP4 appears to be significantly lower in the presence of insulin at both time points. Elevated levels of BMP4 can trigger differentiation of human pluripotent stem cells into mesodermal lineages \[[@CR28], [@CR29]\] although differentiation process is suppressed by cell contact \[[@CR30]\]. These observations suggest that insulin might maintain hiPSCs at a higher pluripotency stage and less susceptible to differentiation.

In summary, we confirmed that insulin plays a significant role in regulation of proliferation, apoptosis, protein phosphorylation, and mRNA transcription in hiPSCs. Our findings will improve our understanding of the role of insulin in hiPSC biology and are reasonably expected to contribute to better disease modeling experiments affecting the insulin signaling pathways using hiPSCs. We are now focusing on understanding the global transcriptional differences between hiPSCs of insulin-resistant and insulin-sensitive individuals in the presence of insulin.

Additional files
================

 {#Sec17}

Additional file 1:**Figure S1.** RNA sequencing Data QC, related to results section regarding RNA sequencing. (A) Average read quality of each sequencing data. The x-axis shows the average read Q-score and the y-axis indicates the number of reads. (B) Base quality along the reads of the sequencing data. The x-axis shows the position in the read is plotted and the y-axis shows the Q-score is plotted. Median value Q-score are shown by the red lines. The mean value Q-score are represented by dark blue line. The inter-quartile range is shown by the boxplot, while the 10% and 90% points are represented by the whiskers. (TIFF 6593 kb) Additional file 2:**Figure S2.** Mapping results, related to the "Results" section regarding RNA sequencing. Samples' summary of mapping results of the reads. In each sample reads could be classified into: mapped (aligned to reference genome), high abundance or out-mapped (e.g., rRNA, mtRNA, polyA, polyC) and unmapped (reads which did not align to anything). (TIFF 6593 kb) Additional file 3:**Figure S3.** Differentially expressed genes in selected GO pathways related to 24 h of hiPSC culture with or without insulin, related to Table [1](#Tab1){ref-type="table"} regarding the top 25 significant GO (biological process) terms. (TIFF 6593 kb) Additional file 4:**Table S1.** List of hiPSC lines used. **Table S2.** Number of identified genes in each sample, related to results section regarding RNA sequencing. **Table S3.** The 20 most significantly differentially expressed genes at 24 h of hiPSC culture with or without insulin, related to results section regarding RNA sequencing. The list is ordered by adjusted *p* values. Average read counts of samples with no insulin treatment are shown in the "baseMean" column. Fold change is the log2 fold change of normalized read count per gene between groups. Followed are the lfcSE (log fold change Standard Error) and stat (Wald statistics). Also listed are *p* values and adjusted *p* values corrected for multiple testing using the Benjamini-Hochberg False Discovery Rate (FDR) approach. **Table S4.** The 20 most significantly differentially expressed genes at 72 h of hiPSC culture with or without insulin, related to results section regarding RNA sequencing. The list is ordered by adjusted *p* values. Average read counts of samples with no insulin treatment are shown in the "baseMean" column. Fold change is the log2 fold change of normalized read count per gene between groups. Followed are the lfcSE (log fold change Standard Error) and stat (Wald statistics). Also listed are *p* values and adjusted *p* values corrected for multiple testing using the Benjamini-Hochberg False Discovery Rate (FDR) approach. **Table S5.** The top 100 significant GO (biological process) terms associated with differentially expressed transcripts after 72 h of hiPSC culture with or without insulin, related to results sections regarding RNA sequencing. **Table S6.** Differentially expressed genes from culture of hiPSCs with or without insulin that have been identified as a part of KEGG signaling pathways regulating pluripotency of stem cells (human). **Table S7.** Differentially expressed genes from culture of hiPSCs with or without insulin that have been identified as a part of KEGG insulin signaling pathway (human). (DOCX 74 kb)
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:   Human phosphokinase kinase

IGF1R

:   Insulin-like growth factor 1 receptor

INSR

:   Insulin receptor

IRS

:   Insulin receptor substrate

LIF

:   Leukemia inhibitory factor

MAPK

:   Mitogen-activated protein kinase

PI

:   Propidium iodide

ROCK

:   Rho-associated kinase

RTK

:   Receptor tyrosine kinase

SOCS2

:   Suppressor of cytokine signaling 2

TGFB1

:   Transforming growth factor beta 1
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